ABSTRACT: Real-world post-consumer mixed plastics and a simulated mixture of plastics were processed in a two-stage pyrolysis-catalysis fixed bed reactor in the presence of a Zeolite HZSM-5 catalyst.
INTRODUCTION
Global energy use is expected to continue to rise over the next two decades, including an increase in the demand for transport fuels. 1 The production of transport fuels from biomass and wastes offers alternatives to the production of liquid fuels from petroleum. One such source for liquid transport fuels is the processing of waste plastics, through "tertiary recycling" which thermally process the waste plastics to produce fuels and chemicals from a material that was originally produced from petroleum.
Post-consumer plastic waste generation in Europe is approximately 25 million tonnes per year, of which 6.6 million tonnes are recycled mainly through mechanical recycling, 8.9 million tonnes are processed by energy recovery facilities and 9.6 million tonnes are disposed to landfill. 2 Municipal solid waste contains post-consumer plastics which consist of mainly, high-density polyethylene (HDPE), low density polyethylene (LDPE), polypropylene (PP), polystyrene (PS), polyvinylchloride (PVC) and polyethylene terephthalate (PET). 3 Pyrolysis is a form of tertiary recycling undertaken in the absence of oxygen and leads to the thermal degradation of the plastic. The process of pyrolysis produces cracking of the high molecular weight polymer chain to low molecular weight hydrocarbon oils and gases.
Tertiary recycling implies that the product oils and gases can be re-processed at a petroleum refinery to produce liquid fuels, plastics and chemicals. 4 The pyrolysis process for the treatment of waste plastics has been described as one of the most suitable options for the preservation of petroleum resources and an environmentally acceptable treatment of waste. 3, 5 The pyrolysis of waste plastics has been carried out in reactors ranging from laboratory scale to commercial scale, using a range of different reactors. [4] [5] [6] [7] [8] [9] For example, laboratory-scale pyrolysis of waste plastics has been researched using a fixed-bed, batch process to treat a range of plastic wastes. 7 Larger scale ~1 tonne per day batch reactors have been developed to process mixed plastic waste produced from municipal solid waste to produce fuel oils. 9 Pilot scale fluidised bed reactors have been employed for the pyrolysis of plastic waste with throughputs of ~30 kg hr -1 and temperatures typically between 500 and 780 °C. 8 Commercial scale pyrolysis of waste plastics produced from municipal solid waste has been developed with throughputs of ~ 14,000 tonnes per annum using rotary kiln technology as the main reactor to produce heavy oil, a medium oil and a light oil fractions. 10 To improve the quality of the product oil, catalysts have been added to the process. [11] [12] [13] Recent reviews of the use of catalysts in the thermal treatment of waste plastics have been undertaken by Serrano et al., 13 and Aguado et al. 14 which highlight Zeolites as effective catalysts for upgrading the quality of the product pyrolysis oil derived from waste plastics.
Zeolite catalysts show advantages of high catalytic activity, shape selectivity, strong acidity and stability at elevated temperatures. They are used for a variety of reactions such as cracking, alkylation, aromatization, isomerization of hydrocarbons. 15, 16 It has been suggested that an optimum reactor configuration for catalytic pyrolysis of waste plastics is a two-stage reactor with a first stage of pyrolysis followed by catalysis in a second stage reactor. 13 The stated advantages included; greater control and optimisation of temperature for each stage of the process; particular suitability for mixed plastic wastes where any residue or dirt remains in the first pyrolysis stage; protection of the catalyst from carry-over of particulates which may deactivate the catalyst; improvement of contact between pyrolysis products and catalyst; ease of recycling of the used catalyst. There have been several studies of the two-stage, pyrolysis-catalysis of plastics reported in the literature. For example, Bagri and Williams 11 investigated the catalytic pyrolysis of polyethylene in a fixed bed, two stage pyrolysis-catalysis reactor using Zeolite ZSM-5 and Y zeolite catalysts. The pyrolysis of the plastics was carried out at 500 °C and the influence of catalyst bed temperature between 400-600 °C was investigated. Aguado et al. 17 also used a two-stage, pyrolysis-catalysis reactor for processing polyethylene using HZSM-5 and Al-MCM-41
Zeolite catalysts at temperatures between 425-475 °C. However, the large majority of studies of coupled pyrolysis-catalysis of plastics has been with single pure polymer plastics; there are fewer studies on the pyrolysis-catalysis process using real-world post-consumer mixed plastic waste.
In this paper, real-world, post-consumer plastic waste has been processed using a twostage, pyrolysis-catalysis reactor with Zeolite HZSM-5 catalyst to produce a high quality liquid fuel containing fuel range hydrocarbons. In addition, pure, single polymer plastics in the form of polyethylene, polypropylene, polystyrene and polyethylene terephthalate were also processed in the pyrolysis-catalysis reactor system. A simulated mixture of the four plastics was also processed to determine if there was any interaction between the plastic products during the process which might influence the composition of the product oils and gases.
EXPERIMENTAL SECTION

Materials:
The "real-world", post-consumer, municipal solid waste mixed plastic (MP) sample was obtained from Fost Plus, Belgium. The collected plastic waste fraction was flaked and air separated to produce a sample containing mainly, PE, PP and PET with a sample size of ~5mm. This ash content of the waste plastic was determined at <0.1 wt.%, reflecting the lack of any contamination dirt or detritus in the sample. The elemental composition of the Fost Plus sample was determined using a CE Instruments (Wigan, UK) alumina ratio was 50:1.
Two-stage pyrolysis-catalytic reactor:
The pyrolysis-catalysis experimental reactor system consisted of a two-stage fixed bed reactor with oil condensers and gas collection sample bag ( Figure 1 ). The pyrolysis reactor was a stainless steel fixed bed reactor of 480 mm length with an internal diameter 40 mm, electrically heated by two separately controlled 1.5 Kw tube furnaces. Pyrolysis of the plastic (2 g) took place in the first stage, heating the plastic at 10 °C min -1 from room temperature to 500 °C and held at 500 °C for 30 minutes. The evolved pyrolysis volatiles were passed directly to the second stage reactor containing 2 g of the Zeolite catalyst mixed with 2 g of quartz sand previously heated to 500
°C. For comparison, where no catalyst was used, quartz sand (4g) was substituted for the catalyst. The ratio of plastic to catalyst mass was maintained at 1:1. The condenser system consisted of three solid dry ice cooled condensers. The condenser system was connected to a Tedlar™ gas sample bag for collection of non-condensable gases. After the experiment, the condensers were immediately sealed to prevent evaporation of highly volatile products and weighed The liquid products were dissolved in dichloromethane (DCM) and stored in a freezer, prior to analysis.
Gas Analysis:
Gases collected in the Tedlar™ gas sample bag were analysed immediately after each experiment by packed column gas chromatography (GC CO on a 2 m x 2 mm GC column with 60-80 mesh molecular sieve and a thermal conductivity detector (TCD). CO 2 was analysed using the same Varian GC but on a separate
HayeSep 80-100 mesh GC column and TCD.
Oil analysis:
The product oil collected in the condenser system were combined and The product oils were analysed for their boiling point range distribution using gas chromatography which enables the simulated distillation of the oils to be determined (ASTM D2887). The analysis used the Varian 430 GC with the ZB-1 column and FID used for the detailed oil analysis.
Characterization of reacted catalysts:
The used catalysts were analysed by temperature-programmed oxidation (TPO) used a Shimadzu 50A thermo gravimetric analyser (TGA) to determine the amount of carbon (coke) on the catalyst. The procedure comprised ~15 mg of the used catalyst, heated in air at 15 °C min -1 to a temperature of 800 °C and held at 800 °C for 10 min. Scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDXS) characterised the deposits on the reacted catalyst.
RESULTS AND DISCUSSION
Mixed plastic Characterization:
The plastic samples were characterised using thermogravimetric analysis (TGA) to characterise the thermal degradation of the plastics with increasing temperature of pyrolysis. The TGA thermograms of the individual plastic polymers showed that polystyrene showed the main degradation peak at a lower temperature (~420 °C) than the other polymers and polyethylene had the highest degradation temperature (~480 °C). The order of thermal degradation was PS<PET<PP<PP. The mass loss thermograms for the real-world mixed plastic waste showed a DTG single peak at 480 °C which is consistent with its reported composition of mainly polyalkene plastics. The simulated mixture of plastics showed two areas of weight loss on the TGA as shown by the two DTG peaks indicating weight loss attributed to the PS and PET composition at the lower temperature (~420 °C) and the PE and PP content at the higher temperature (470 °C). Figure 3 (a) and 3(b) show the product yield obtained from the uncatalysed and catalysed pyrolysis of the real-world mixed plastic, the simulated plastic mixture and the four virgin plastics respectively. Virgin plastic polystyrene gave a maximum oil yield of ~97.0 wt% for uncatalysed pyrolysis with catalysed PET producing the lowest oil yield (38.50 wt.%), with a significant production of char. Park et al. 24 investigated the pyrolysis and catalytic pyrolysis of polystyrene in a semi-batch reactor and reported an oil yield of 96.7 wt.% at a reaction temperature of 480 °C for non-catalytic, thermal pyrolysis.
Product Yield:
Similarly, Achilias et al. 25 reported an oil yield of 91.8 wt.% for the pyrolysis of polystyrene in a fixed bed reactor at 510 °C. Polyethylene and polypropylene, gave high wax yields of over 80 wt.%, similar results have been reported before for the thermal pyrolysis of polyalkene plastics. 7 The liquid products for the uncatalysed pyrolysis of real world mixed plastic (MP) and the simulated mixture of plastics gave similar product yields to that found for polyethylene and polypropylene, reflecting the dominance of these polymers in the plastic mixtures investigated. However, the mixed plastics also produced some char which reflects the content of PET in the mixtures. The overall mass balances for the experiments is shown in Figure 3 and shows that excellent mass closures were achieved.
The addition of the Zeolite HZSM-5 catalyst to the second stage catalytic reactor produced a marked increase in gas production from the pyrolysis-catalysis of the plastics with a resultant reduction in oil yield. The exception was for the polystyrene which maintained a high yield of oil (91.5 wt %) in the presence of the catalyst. Similar observations on the influence of catalysts on plastic pyrolysis were reported by Aguado et al., 14 and Lopez et al. 22, 26 . For example, Lopez et al., 22 investigated the catalytic pyrolysis of packaging plastic waste in a semi-batch reactor at 400 °C using a Zeolite HZSM-5 catalyst. They obtained a product yield for the non-catalytic experiment of 79.3 wt% liquid, 17.7 wt% gas and 3.0 wt% char which changed to 56.9 wt% liquid, 40.4 wt.% gas and 3.2 wt.% char in the presence of the catalyst. Ateş et al., 21 also reported a reduction in the oil produced in the catalytic pyrolysis of municipal solid waste derived plastics when Zeolite HZSM-5 catalyst was added to the process of catalytic pyrolysis.
The mass of carbon deposited on the catalyst during pyrolysis determined by TPO showed that the carbon deposition was only 0.48 wt.% of the mass of reacted catalyst.
Similarly, scanning electron microscopy observation of the reacted catalyst after the pyrolysis-catalysis experiments did not reveal any significant carbon deposition on the catalyst surface. Kumar et al. 27 have reported that low acidity Zeolite catalysts, with a high Si:Al ratio (such as that used in this work), would produce lower coke formation than a high acidity, low Si:Al ratio catalyst, but with the disadvantage that the lower acidity means that the catalyst is less effective in cracking hydrocarbons compared to a high acidity catalyst. Figure 3 showed that the addition of the Zeolite HZMS-5 catalyst to the second stage of the reactor system produced a marked rise in gas yield. and C 4 gases (mainly butene). These plastic samples consisted of mainly polyalkene polymer structures. The polyalkene plastics are thermal degraded via a random scission process to produce mainly alkene gases, C 2 H 4 , C 3 H 6 , and C 4 H 8 and to a lesser extent the alkane gases, C 2 H 6 , C 3 H 8 and C 4 H 10 . 28 The pyrolysis of polystyrene produced little gas. For PET, the main gases were CO 2 , formed from the decarboxylation of the polymer and CO also formed through decarboxylation of PET or reaction between CO 2 and char. 28 The addition of the Zeolite HZSM-5 catalyst showed a marked rise in the yield of the C 2 -C 4 hydrocarbon gases, but particularly C 3 hydrocarbons for the pyrolysis-catalysis of the MP, SMP, PE and PP plastics (Figure 4(b) ). The yield and composition of the product gases from the pyrolysis-catalysis of PS and PET (Figure 3(b) and Figure 4(b) ) showed only a small influence when the Zeolite catalysts was introduced to the process. The enhanced production of hydrocarbon gases with the introduction of a Zeolite catalyst has been reported by other researchers. 13, 17, 26, 27 For example, Lopez et al., 26 also reported that the main gases derived from the thermal processing of a mixture of plastics (PE, PP, PS, PET, PVC) was methane, ethene, ethane, and C 3 -C 4 gases. The C 3 -C 4 hydrocarbons were the highest product gases. They also reported the presence of CO and CO 2 derived from the PET in the plastic mixture. The introduction of a Zeolite HZSM-5 catalyst to their process produced an overall increase in gas yield, including C 3 -C 4 hydrocarbon gases. Table 2 shows the concentration of the gases produced from the pyrolysis and pyrolysiscatalysis of the simulated mixture of plastics compared with the expected gas composition based on the proportions of the individual plastics. The gas composition for the simulated mixture of plastics showed a higher yield of the C 2 , C 3 and C 4 gases than expected, based on the proportions of each gas generated by the individual virgin polymers which suggests some interaction between the individual virgin plastics in the mixture. Carbon monoxide and carbon dioxide yield from the pyrolysis and pyrolysis-catalysis was lower than would be expected, suggesting interaction of the mixture of plastics.
Gas Composition:
Jing et al. 29 used a closed batch reactor to investigate the pyrolysis of a 50:50 ratio mixture of LDPE and PP and also reported interaction between the polymers. The yield of alkane gases, C 2 H 6 , C 3 H 8 and C 4 H 10 was increased compared to that expected from the proportions of the gas yields produced from the individual plastics. Williams and Williams 7 also showed that for several different plastics, mixing the individual plastic with polystyrene produced a clear interaction between the plastics, resulting in increased yield of alkene gases.
Oil Composition:
The product yield from the pyrolysis-catalysis of the plastics shown in Figure 3 showed a reduction in oil yield when the Zeolite catalyst was introduced to the second stage of the pyrolysis-catalysis process. However, the composition of the oils was greatly influenced by the presence of the catalyst. The uncatalysed pyrolysis of the plastic samples showed a high proportion of fuel range hydrocarbons, but also significantly a high content of the high molecular weight hydrocarbons from C 16 and above. However, in the presence of the catalyst the fuel range hydrocarbons dominate the composition of the product oil. Sakata et al. 30 investigated the pyrolysis and catalytic pyrolysis of polyethylene and polypropylene for several different catalysts, including Zeolite ZSM-5. For processing of polyethylene they reported a pyrolysis oil yield of 69.3 wt.% which decreased to 49.8 wt.% when Zeolite ZSM-5 catalyst was present, with a corresponding rise in gas yield from 9.6 wt.% to 44.3 wt.%. They also reported for polypropylene, an oil yield of 80.1 wt.% for thermal pyrolysis was obtained which decreased to 47.0 wt.% with the Zeolite catalyst and gas yield increased from 6.6 wt.% to 50.0 wt.%. They attributed the changes as due to the strong surface acidity of the Zeolite ZSM-5 catalyst which promotes the degradation and/or cracking of the heavier hydrocarbons into lighter hydrocarbons. Although the oil yield was reduced with the catalyst, Sakata et al. 30 showed that the majority of the hydrocarbons in the product oil had a carbon number distribution in the gasoline range compared to the uncatalysed pyrolysis oil with a significantly higher carbon number distribution.
The product oils from the thermal pyrolysis and catalytic pyrolysis of the plastic samples were analysed for their fuel properties, by way of simulated distillation using gas chromatography to determine the boiling range distribution of the oils. The results are shown in Figure 6 . The uncatalysed oils showed a significant fraction of the oils have a boiling point range of greater than 250 °C, however, the catalytic pyrolysis product oils show a shift to lower boiling points, reflecting the shift in molecular weight range as shown in Figure 5 .
Although, there was an improvement in the properties of the product oils in the presence of the catalyst, boiling range distributions for gasoline would be >95% below 150 °C. However, for the pyrolysis-catalysis product oils, the boiling range fraction below 150 °C was between 50 % and 70%.
The hydrocarbon composition of the oils produced from the pyrolysis and pyrolysiscatalysis of the plastic samples presented as fuel range (C 5 -C 15 ) and the high molecular weight (C 16+ ) hydrocarbons shown in Figure 5 may also be presented in terms of their aromatic and aliphatic content. Figure 7 shows the composition of the product oils from pyrolysis ( Figure 7(a) ) and also the pyrolysis-catalysis (Figure 7(b) ) of the real world plastics (MP) the simulated mixture of plastics (SMP) and virgin plastics (PE, PP, PS, PET). For the plastic samples containing the polyalkene polymers (MP, SMP, PE, PP) the oil produced from pyrolysis was mainly aliphatic in nature, however, the polystyrene and polyethylene terephthalate produced an aromatic oil derived from the aromatic nature of the polymer structure. The polyethylene and polypropylene pyrolysis oil would be expected to be almost wholly aliphatic in content, but there was some aromatic content, which may be due to the cracking reactions over the sand placed in the second stage reactor (for the uncatalysed experiments) also resulting in an extended time in the hot zone of the reactor. Abbas-Abadi et al. 31 have reported an aromatic content of 10% in the pyrolysis oil from pyrolysis of polypropylene in a semi-batch reactor. Jung et al. 32 also reported an aromatic content of ~25 wt.% for the pyrolysis of polypropylene using a fluidised bed reactor, at 668 °C (a higher temperature than used in this work). Both Abas-Abadi et al. 31 and Jung et al. 32 reported increasing aromatic content in the product oils with increasing temperature. The PET produced an oil which consisted of a mainly aromatic content with benzoic acid detected in large quantities (~30 wt.%).
When the Zeolite HZSM-5 catalyst was introduced into the process, the aromatic content of the product oils increased significantly with a decline in the aliphatic content of the oils.
The polyalkene plastics, PE and PP and the MP and SMP plastic mixtures, (both of which were dominated by PE and PP), produced oils with a marked rise in aromatic content in the presence of the Zeolite ZSM-5 catalyst. For the aromatic-containing polymers, PS and PET, the product oils from thermal pyrolysis had a high aromatic content which further increased when the catalyst was present in the process. The benzoic acid found in the oil from the thermal pyrolysis of PET was reduced in the presence of the Zeolite catalyst being cracked to mainly toluene. Zeolite catalysts are known to produce aromatic hydrocarbons during catalytic pyrolysis of plastics due to the properties of surface area, porosity and silica:alumina ratio of the catalyst. The silica:alumina ratio influences the surface acidity of the catalyst with lower ratios (higher relative surface alumina concentration) producing an increase in the surface acidity of the catalyst. 33 For Zeolite catalyst, surface acidity equates with catalytic activity and the manipulation of the pore size of the Zeolite structure enables reaction selectivity. It has been shown that low silica:alumina ratio catalysts with consequently higher surface acidity and surface catalytic activity produce oils with increased content of aromatic compounds from the pyrolysis-catalysis of PE using different Zeolite catalysts.
5,20
The Zeolite HZSM-5 catalyst used in this work had a Si:Al ratio of 50, which is relatively high and consequently the catalysts had a relatively lower surface acidity and catalyst activity for aromatic hydrocarbon production. The influence of the pore size of Zeolite catalysts is through the restriction of the size of the hydrocarbon molecule which can enter the pore structure and participate in catalytic reactions of cracking and reformation which produce the aromatic hydrocarbons. 33 Therefore, any large molecular weight material which are formed from pyrolysis of the plastic would have to be thermally decomposed on the catalyst surface before they could enter the controlled pore size of the catalyst. Kumar et al. 27 have discussed, in detail, the role of catalysts, including Zeolite catalysts, in the mechanism of catalytic thermal degradation of plastics. They summarised the main steps of catalytic pyrolysis as, diffusion on the catalyst surface, adsorption, chemical reaction, desorption from the catalyst and diffusion in the liquid phase. (Figure 8(a) ) for the polystyrene contained mainly styrene, derived from the polystyrene polymer. Park et al. 24 have also reported high concentrations of styrene for thermal pyrolysis of polystyrene, for example 76.31 wt.% styrene was reported at a pyrolysis temperature of 450 °C. The simulated plastic mixture also contained significant amounts of styrene, but more than would be expected based on the simulated composition,
suggesting that there was some interaction between the plastics. Lopez et al. 26 investigated the pyrolysis and pyrolysis-catalysis of a mixture of plastics and reported a higher than expected content of styrene, as also reported here for the simulated mixture of plastics.
Lopez et al. 26 also suggests that other mechanisms such as secondary reactions result in the higher styrene content.
The main aromatic compounds produced from catalytic pyrolysis of the plastic samples with Zeolite HZSM-5 catalyst shows (Figure 8(b) ) they are mainly single ring aromatic compounds with benzene, toluene, ethyl benzene, xylenes and styrene accounting for a significant proportion as reported by others. 11, 13, 26 Benzene is produced in high yield for the pyrolysis-catalysis of the plastic samples, but particularly for PET and for SMP as the catalyst is introduced, while styrene yields are reduced. The reduction of styrene concentration in the presence of a Zeolite catalyst has been attributed to the carbenium nature of the acid catalysed decomposition of polystyrene leads to the formation of aromatic products other than styrene. 12 Lopez et al. 26 for a simulated mixture of plastics processed at 500 °C, reported toluene concentrations (% peak area) of 8.1% for pyrolysis which increased to 17.5% in the presence of a Zeolite ZSM-5 catalyst, ethylbenzene increased from 5.0% to 9.6% and xylenes increased from <3.0% to 13.8%. Bagri and Williams 34 investigated the pyrolysis and pyrolysis-catalysis of polystyrene in a fluidised bed reactor using a Zeolite ZSM-5 catalyst. The uncatalysed pyrolysis oils were found to contain large amounts of styrene. However, the addition of Zeolite catalyst resulted in a marked decrease in styrene concentration in the product oils and increased concentrations of mono aromatic compounds.
Lin and White 35 have also reported that the thermal degradation of polystyrene produces high yields of styrene, but catalytic pyrolysis with ZSM-5 catalyst, markedly reduced styrene concentration and increased the production of benzene, in addition, ethylbenzene and toluene were also formed at lower concentrations.
CONCLUSIONS
A two-stage pyrolysis-catalysis fixed bed reactor was used to investigate the product yield, gases than expected, based on the proportions of each gas generated by the individual virgin polymers. In addition, the aromatic hydrocarbon content in the oils from the simulated mixture of plastics (SMP) was also higher than expected. Figure 6 . Simulated distillation of (a) the uncatalysed pyrolysis oil and (b) the pyrolysiscatalysis product oils. 
